I searched for original articles focusing on PCOS in MEDLINE published between 2002 and present. The search term I used was "PCOS". I then selected all papers that characterized genetic variation in PCOS. Data predating 2002 were obtained from a similar literature search that was carried out in the summer of 2002. The vast majority of papers were English-language full-text papers. Manuscripts examining related phenotypes such as hyperandrogenism were also examined, although in a much less rigorous manner.
INTRODUCTION
Polycystic ovary syndrome (PCOS) is a genetically complex disorder that is characterized by hyperandrogenemia with amenhorrea or oligomenhorrea. It is the most common endocrinopathy among women of reproductive age. 1, 2 In addition to its reproductive features, PCOS is associated with an increased risk of obesity, insulin resistance, and type 2 diabetes mellitus. 3 Although PCOS can be diagnosed only in women of reproductive age, first-degree relatives of women with PCOS also have an increased incidence of obesity, insulin resistance, and elevated triglyceride levels. [3] [4] [5] [6] [7] As a consequence, PCOS and its associated pathologies contribute significantly to the health burden of Western societies. The heterogeneous disorder has been defined according to various criteria, ranging from purely morphological (polycystic ovaries) to predominantly biochemical (hyperandrogenemia). This variability has contributed to the complexity of the genetic studies of PCOS.
Here, I give a brief overview of genetic studies of PCOS done so far with discussion of some of the difficulties that have plagued the field, followed by a more detailed discussion of the four candidate genes and gene regions-CYP11A (encoding cytochrome P450, family 11, sub family A polypeptides), CAPN10 (encoding calpain 10), the insulin gene VNTR (variable number of tandem repeats), and D19S884 (a di nucleotide repeat marker mapping to chromo some 19p13.2)-for which the most conclusive data are available. Finally, I conclude with a discussion of the future of genetic analysis of PCOS.
FAMILIAL BASIS OF PCOS
Environmental and genetic factors contribute to the etiology of PCOS. For example, Kiddy et al. 8 have shown that weight loss can reverse the symptoms of PCOS, and Norman and colleagues [9] [10] [11] [12] have shown that lifestyle modifications such as moderate weight loss and exercise significantly improve the hormonal profiles of both the reproductive and metabolic features of PCOS.
Polycystic ovary syndrome (PCOS) is a very common endocrine disorder that has a strong genetic component and is characterized by polycystic ovaries, hyperandrogenemia, and menstrual irregularity. During the past decade, the roles of more than 70 candidate genes have been evaluated for a causal role in PCOS; however, because of genetic and phenotypic heterogeneity and underpowered studies, the results of many of these studies remain inconclusive. Here, the results of the genetic analysis of several candidate genes and gene regions-CYP11A (encoding cytochrome P450, family 11, subfamily A polypeptides), CAPN10 (encoding calpain 10), the insulin gene VNTR (variable number of tandem repeats), and D19S884 (a dinucleotide repeat marker mapping to chromosome 19p13.2)-are discussed in detail. Although past genetic studies of PCOS have yielded only modest results, resources and techniques have been assembled to remedy the major deficits of these early studies, promising that the next few years will be a very exciting and rewarding era for the genetic analysis of PCOS.
Alternatively, a large familial component to the etiology of PCOS has long been recognized; [13] [14] [15] [16] both dominant and multigenic modes of inheritance have been proposed. [13] [14] [15] [16] [17] [18] [19] [20] [21] [22] Vink et al. 22 used a twin-study paradigm to demonstrate that there is a strong heritable component to the etiology of PCOS. These authors characterized 1,332 monozygotic (share ~100% of genetic material) and 1,873 dizygotic or singleton sister pairs (share ~50% of genetic material) from the Netherlands Twin Registry. The overall heritability for PCOS was 0.72 with a correlation of 0.71 for monozygotic sister pairs and 0.38 for dizygotic twin or nontwin sister pairs.
The strong correlation between dizygotic twins and between nontwin sister pairs indicates that the genetic component of PCOS is probably due to a few genes with a significant impact rather than to many genes with minimal effects. If this is the case, it lends support to the feasibility of searching for PCOS susceptibility genes.
CURRENT STATUS OF PCOS GENETIC STUDIES
During the past decade, more than 60 studies have investigated the genetic contribution of more than 70 genes to the etiology of PCOS (see details from these studies in Supplementary Table 1 online). All these studies have been candidate gene analy ses, an approach that is very powerful when the biology of a disorder is sufficiently understood to provide legitimate functional candidates (Box 1). One obvious drawback of the candidate gene approach is that genes that are not a priori reasoned to play a role in the disorder will not be evaluated. Several metabolic and/or biochemical pathways are implicated in the etiology of PCOS, including those that regulate gonadotropin secretion, affect androgen production and action, and influence insulin signaling (Box 2). 23, 24 As the connection between PCOS and the metabolic syndrome becomes more clearly established, genes implicated in the development of diabetes and obesity also become ideal candidates.
To date, the roles of more than 70 genes in the etiology of PCOS have been evaluated (see Supplementary Table 1 for a summary of relevant PCOS genetic studies). With a few notable exceptions (discussed below), the findings of these studies have, however, been ambiguous or lacked replication. This lack of reproducibility is endemic to association studies of common traits [25] [26] [27] [28] and can be attributed to multiple factors that plague the genetic analysis of both complex diseases in general and PCOS in specific. These factors include an absence of consistent phenotype criteria across studies, limited sample sizes, and incomplete characterization of candidate genes.
Phenotyping
PCOS is a complex syndrome, and multiple features (hyperandrogenism, menstrual irregularity, ovarian morphology, and gonadotropin dysregulation) contribute to the overall phenotype. Different aspects of the disease might be under the control of unique genes; therefore, the characteristics that are emphasized in the assignment of the phenotype may affect the outcome of the genetic analysis. Although, for clinical purposes, it may be useful to apply as broad a phenotype as possible, for genetic analyses, it is sometimes more powerful to restrict the phenotype with the expectation that this phenotypically more homogeneous subset of patients is also genetically more homogeneous. For instance, we limit our analyses to patients with biochemical hyperandrogenemia and fewer than six menses per year. We realize that these criteria do not include all possible patients who have PCOS but instead identify a more severely affected subset of family members who may have the same underlying defect. This approach has allowed us to identify a PCOS susceptibility locus (D19S884; see below) mapping to chromosome 19p13.2.
In 1990 and in 2003, guidelines were established to systematically define PCOS (Box 3); 29, 30 however, these guidelines still allow for multiple designations of the phenotype. Although a given set of criteria for the phenotype of PCOS is not necessarily better or more appropriate than another set of criteria, it is critical that investigators and readers of the literature are aware of the potential differences in phenotypic characterizations and the impact of such variability on the outcome of studies.
Sample sizes
Most PCOS studies reported so far have been based on very small sample sizes (Supplementary Table 1 ). Based on the results of successful studies of other genetically complex diseases, it is now clear that most susceptibility alleles have relatively small effect sizes (i.e. the magnitude of the impact that a single genetic variant has on a given phenotype [reviewed by Hirschhorn 26 and by Hattersley and McCarthy 28 ] ) and as such require sample sizes of several hundred, if not thousand, patients. For instance, in the case of the peroxisome proliferator-activated receptor γ Pro12Ala polymorphism-one of the few unambiguous susceptibility alleles for type 2 diabetes identified to date-the more common proline residue is associated with a ~1.25-fold increased risk of developing type 2 diabetes and a population attributable risk for diabetes of 25%. 31 However, because of the small relative risk associated with this variant, it required a meta-analysis of around 3,000 individuals to definitively establish its role in the pathology of type 2 diabetes.
Similarly, Grant et al. 32 were able to identify transcription factor 7-like 2 (TCF7L2), a very promising susceptibility gene for type 2 diabetes associated with a relative risk of 1.5, in an association study of 1,185 patients and 931 controls. Given the large sample sizes required to detect these loci, the majority of PCOS genetic Genes affecting androgen production and secretion AR (androgen receptor), BMP15 (bone morphogenic protein), GDF9 (growth differentiation factor 9), CYP11A (cytochrome P450, family 11, subfamily A polypeptides), CYP17A1 (cytochrome P450, family 17, subfamily A, polypeptide 1), CYP19A1 (cytochrome P450, family 19, subfamily A, polypeptide 1), HSD3B1 (hydroxyl-δ-5-steroid dehydrogenase, 3β-and steroid δ-isomerase 1), HSD3B2 (hydroxyl-δ-5-steroid dehydrogenase, 3β-and steroid δ-isomerase 2), HSD17B1
Genes influencing insulin secretion and obesity ADIPOQ (adiponectin), CAPN10 (calpain 10), insulin gene VNTR (variable number of tandem repeats), INSR (insulin receptor), IRS1 (insulin receptor substrate 1), IRS2 (insulin receptor substrate 2), IGF1 (insulin-like growth factor 1), IGF2 (insulin-like growth factor 2), IGF1R (insulin-like growth factor 1 receptor), IGF2R (insulin-like growth factor 2 receptor), IGFBP1 (insulin-like growth factor binding protein 1) plus IGFBP3 (insulin-like growth factor binding protein 3), PPARG (peroxisome proliferatoractivated receptor γ), INSL3 (Leydig insulin-like protein), LEPR (leptin receptor), OB (leptin), MC4R (melanocortin-4 receptor), TNF (tumor necrosis factor), UCP2 (uncoupling protein 2), UCP3 (uncoupling protein 3), POMC (propiomelanocortin) URBANEK FEBRUARY 2007 VOL 3 NO 2 www.nature.com/clinicalpractice/endmet studies have been vastly underpowered. To date, studies from only a few groups have used sample sizes with more than 300 probands (see Supplementary Table 1 online) .
One reason for the small sample sizes used in the genetic studies of PCOS is that although PCOS is a very common disorder, it has been difficult to collect sufficiently large cohorts of patients because of several inherent characteristics of the disorder. One major limitation is that PCOS can be accurately assessed only in women of reproductive age who are not taking several common medications (oral contraceptives, insulin-sensitizing medication, etc.). This automatically excludes men, severely limits the pool from which women with PCOS can be recruited, and is even more detrimental to the recruitment of the affected family members critical for linkage studies. Although it is clear that male relatives of women with PCOS are at an increased risk of developing features of the metabolic syndrome, 6,7 it is currently impossible to unambiguously assign a phenotype to them. Finally, because PCOS is a disorder with reduced fertility, large families are uncommon and families with multiple eligible sisters are rare.
Variant choice
For Mendelian traits, a single mutation within one gene often accounts for most of, if not all, the genetic variation contributing to the phenotype of the disease. By definition, genetically complex diseases like PCOS have multiple variants that contribute to the etiology of a disease as a result of genetic heterogeneity (variants in multiple genes) and/or allelic heterogeneity (multiple variants within one gene). In addition, susceptibility alleles for complex traits are not constrained to missense or nonsense mutations. Because variants contributing to complex traits are expected to be common and therefore cannot be under strong selective pressure, 26 they are expected to have more subtle consequences that are likely to affect transcript expression levels or processing. Such variants are much more difficult to recognize.
It is therefore critical to characterize the genetic variation of an entire candidate gene, including the regulatory regions. For most genetic studies of PCOS, including most of the studies by our group, only one or a few variants per gene have been tested and very few studies have characterized the entire gene directly using single-nucleotide polymorphisms or indirectly using haplotype analysis.
PCOS CANDIDATE GENES
Given the limitations of current PCOS genetic studies, there are several loci for which there is convincing evidence regarding their role in PCOS and there are a few additional genes for which a consensus may be reached in the near future. These loci include CYP11A (five studies), the VNTR of the insulin gene (six studies), CAPN10 (three studies), and D19S884 (three studies).
CYP11A
CYP11A is an ideal functional candidate gene for PCOS because it encodes the enzyme that cleaves the side-chain of p450, the rate-limiting step in androgen biosynthesis. In 1997, Gharani et al. 33 showed evidence for linkage between CYP11A and PCOS. Subsequently, Urbanek et al. 23 (and my own unpublished data) found modest evidence for linkage between PCOS and CYP11A. Gharani et al. 33 also found an association with allele 5 of D15S520, which is located in the promoter region of CYP11A, although Urbanek et al. 23 could not provide replication for association at D15S520. Two additional studies, by Diamanti-Kandarakis et al. 34 and Daneshmand et al. 35 , did show evidence for association between CYP11A promoter alleles and PCOS; however, a study by San Millan et al. 36 37 assessed the role of CYP11A in the etiology of PCOS using a large-scale family-based and population-based association study including 371 PCOS patients and 331 population control subjects from the UK and 527 symptomatic women and 1,062 cohort control subjects from the Northern Finland Birth Cohort of 1966. The UK cohort included 141 parent-offspring trios. Although the authors did detect a statistical difference in allele frequencies for both markers in the patients and control subjects from the UK, the association was with a different allele (allele 4) than the one previously reported (allele 5) 33, 34 ; the asso ciation with allele 5 was not replicated in the trios or the Finnish cohort. There were no significant associations between the haplotypes of the two markers and PCOS in these samples.
Taken as a whole, the CYP11A genetic association studies indicate that there is no evidence for association between genetic variants in the promoter of the gene and PCOS in the Caucasian population and there is inconclusive evidence for linkage. In addition, variants in CYP11A that are not in linkage disequilibrium with the promoter variants could play a role in the etiology of PCOS.
The insulin gene VNTR
The VNTR is a series of 14 bp or 15 bp repeats that are located in the 5' regulatory element of the insulin gene. The insulin gene VNTR alleles are grouped into three classes based on repeat size: class I with an average length of 26-63 repeats, class II with an average of 64-140 repeats, and class III with an average of 141-209 repeats. 38 The VNTR regulates transcription of the insulin gene and is associated with hyperinsulinemia, susceptibility to type 2 diabetes, birth weight, fasting insulin levels, and the development of childhood and juvenile obesity (reviewed by Pugliese and Miceli 39 ). In 1997, Waterworth et al. 40 showed evidence for modest linkage between PCOS and the insulin gene VNTR in 17 families and preferential transmission of the class III alleles of the insulin gene VNTR from fathers of PCOS patients. This positive association between paternally inherited class III alleles was confirmed by Michelmore et al. 41 By contrast, Urbanek et al. 23 found no evidence for linkage between PCOS and the insulin gene VNTR in 28 multiplex families; nor was there evidence of association between the insulin gene VNTR class III allele in general or the paternally inherited allele in a much larger sample (150 nuclear families) or in an independent follow-up study of similar size by the same authors (M Urbanek et al., un published data). In a case-control study, Calvo et al. 42 failed to detect an association between the insulin gene VNTR and hyperandrogenemia in Spanish women.
Finally, in a large multicohort study that included 255 parent-proband trios, 185 PCOS patients and 1,062 controls from the UK, and 1,599 women from the Northern Finland Birth Cohort of 1966, Powell et al. 43 failed to find evidence for association between the insulin gene VNTR class III alleles and PCOS or testos terone levels. It is therefore unlikely that this locus plays an important role in the etiology of PCOS.
CAPN10
The locus containing CAPN10, which encodes the cysteine protease calpain 10, was first identified as a susceptibility locus for type 2 diabetes through positional cloning. 44, 45 Association and linkage analysis identified two single-nucleotide polymorphism haplotypes (designated 112 and 121) defined by closely linked noncoding singlenucleotide polymorphisms that conferred an increased risk for diabetes to individuals who were doubly heterozygous for the haplotypes (i.e. had the genotype 112/121). 45 These findings were replicated in populations of northern European descent 45 but not in a study of British patients with diabetes 46 or in Samoans with type 2 diabetes. 47 Functional studies have shown that the G allele at UCSNP-43 is associated with reduced muscle levels of calpain 10 messenger RNA and insulin resistance in nondiabetic Pima Indians. Calpain 10 has also been found to play a role in insulin secretion and action. Because type 2 diabetes and insulin resistance are often associated with PCOS, CAPN10 is also a plausible candidate gene for PCOS.
Three studies (Ehrmann et al., 48 Haddad et al., 49 and M Urbanek et al., unpublished data) have examined the contribution of calpain 10 to the etiology of PCOS. Ehrmann et al. 48 tested 124 PCOS patients of European descent and 57 African American patients who had PCOS for association between the type 2 diabetesassociated DNA polymorphism and a series of phenotypic characteristics of PCOS and type 2 URBANEK FEBRUARY 2007 VOL 3 NO 2 www.nature.com/clinicalpractice/endmet diabetes. They found no evidence for association between either the individual single-nucleotide polymorphisms or the haplotype combinations and any of the phenotypic characteristics in PCOS patients of European descent; however, the 112/121 haplogenotype was found to be significantly associated with higher insulin levels in response to a glucose challenge in the African American PCOS population.
Haddad et al. 49 also found no evidence for association between the 112/121 genotype and PCOS or any intermediate traits in a sample of 331 PCOS patients. Our group has tested for association between individual singlenucleo tide polymorphisms (UCSNPs 43, 44, 19, and 63) and haplotypes within CAPN10 and PCOS in 390 PCOS trios of predominantly European ancestry (unpublished data). We did not detect evidence for association between any CAPN10 single-nucleotide polymorphisms or haplotypes and PCOS. Taken together, these studies indicate that calpain 10 is unlikely to play a major role in the etiology of PCOS in Europeans.
Chromosome 19p13.2 PCOS susceptibility locus (D19S884)
In a screen of 37 PCOS candidate genes in 150 families, our group found that the strongest evidence for association occurred on chromosome 19p13.2. 23 Further characterization of this region with 18 additional markers and 217 additional families replicated the original findings and found that the strongest evidence for asso ciation is still with allele 8 of D19S884. 50 D19S884 is a dinucleo tiderepeat polymorphism that maps 800 kilobases centromeric to INSR (which encodes the insulin receptor gene) and was originally selected to assess linkage between the PCOS candidate gene (INSR) and PCOS. Because 800 kb exceeds the usual distance over which linkage dis equilibrium (the biological basis for allelic association) is maintained, it is unlikely that this variant is directly asso ciated with genetic varia tion within the candidate gene INSR itself. In the complete cohort of 367 families, the region of chromosome 19p13.2 containing D19S884 also has the strongest evidence for linkage to PCOS of any of the 33 candidate gene regions in the families we tested. 50 Two relatively small case-control studies have tested for association between D19S884 and PCOS; one replicated our results 51 and one did not. 52 D19S884 maps 105 bp 3' to exon 55 of the fibrillin 3 gene (FBN3), the third member of the fibrillin extracellular matrix protein family. The functional role of D19S884 remains to be determined. Variations in dinucleotide-repeat polymorphisms like D19S884 have, however, been shown to play a role in both transcriptional [53] [54] [55] and splicing enhancer 56, 57 activity. Whether D19S884 acts as a distal enhancer element for the INSR (the candidate gene that directed our attention to this area of the genome) or affects the expression and/or splicing pattern of fibrillin 3 represents areas of active research in our laboratory and others.
EPIGENETIC EFFECTS
In addition to the genetic studies described, there is increasing interest in the prenatal origins of PCOS that are predicted to be due to genetic variation in the mother and/or the fetus or to environmental factors [58] [59] [60] [61] [62] [63] [64] [65] and in epigenetic contributions to the etiology of PCOS. 66 One very interesting area of research in PCOS is the investigation of the role of genetic variation in the androgen receptor gene (AR) and the role of X-inactivation in PCOS. Because PCOS is a disorder of androgen excess, genes involved in androgen signaling are also believed to be important in the etiology of PCOS and related disorders. In vitro studies demonstrating an inverse relationship between the length of the CAG repeat encoding the polyglutamine tract in the N-terminal transactivation domain of the androgen receptor (AR) and receptor activity 67, 68 suggest that the length of the CAG repeat could be expected to affect the degree of androgen sensitivity. Genetic studies of the role of variation in the CAG repeat have, however, yielded ambiguous results. [69] [70] [71] [72] [73] [74] Because the AR receptor gene is X-linked and one copy of the X chromosome is inactivated in women, the pattern of X-inactivation could influence AR activity and PCOS. In an analysis of X-inactivation of 88 sisters of women with PCOS, Hickey et al. 66 found that sisters with the same AR CAG repeat genotype and the same clinical presentation (unaffected-un affected or PCOS-PCOS pairs) more frequently showed the same pattern of X-inactivation than did sisters with different clinical presentations (85% versus 16%) but the same genotype. In other words, sister pairs in whom the same copy of the AR is transcriptionally active also have the same phenotype, whereas sister pairs with the same genotype but different transcriptionally active X-chromosomes do not have the same phenotype.
These findings support the hypothesis that the AR CAG repeat number plays an important role in the etiology of PCOS. This study also demonstrates that epigenetic factors like X-inactivation can have a significant effect on the expression of complex genetic diseases such as PCOS and may complicate the interpretation of genetic results. Because of the relatively small sample of sisters analyzed in this study, it is critical that this study be replicated in an independent cohort.
CONCLUSIONS
Although the above-described summary of the current state of genetic studies of PCOS might seem rather discouraging, there are many reasons for optimism. We are currently at the brink of a very exciting and potentially extremely rewarding era for the identification of genetic determinants of PCOS, because several critical factors are now converging. Within the past few years, new reagents and tools have been assembled to make successful analysis of genetically complex disorders eminently feasible: these tools include a nearly complete catalogue of common human genetic variation by the International HapMap Project, 75, 76 efficient and relatively inexpensive high-volume genotyping technologies, development of easily accessible analy sis software, and, most important, the assembly of sufficiently large PCOS patient cohorts 37, 43, 50 to detect genetic variants with effect sizes as observed in other complex diseases.
When applied to candidate genes, these tools make it possible to fully explore the genetic relevance of these genes to the etiology of PCOS and may help to reconcile some of the discrepant results observed in studies of different variants within the same gene. Finally, it is now possible to carry out genome-wide association studies of PCOS that will identify potentially novel and unexpected genes and variants contributing to the etiology of PCOS. The next 10 years promise to be a very exciting and productive era in the genetic analysis of PCOS. 
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